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ABSTRACT

A quantitative comparison of multiple-photon absorption (MFA) and
dissociation (MPD) hag been performed for experiments with a number of
different polyatomic molecules. Appropriate normalization techniques fur
the chsarption and dissociation parameters are formulated to account for
the different conditions of the experiment and the molecular parameters.
This procedure in a first approximation, accounts for the cifects of inde-
pendent variables such as gar pressure, optical bandwidth, optical pulse
durat.on, cxcitation frequency, spectral width of the optical absorption
Fand, absosption strength of the transition, bond strength, and the density
of gtates in 'he molecule. The theoretical description of the dynamics of
the abrorbing ground stute is considered and used to provide the rationale
for the normalizatinn procedure,

The results of thin analysis indicate that the functional dependende
ol the namber of photons absorbed per molecule with tluence is qualitatively
the same for the most molecales.  Similarly, the probability tar dissocia-
tion of most molecules cany, be related to the density of vivetional states,
the bond strength, the nunber of photons abrorbed per molecule, and the
witdth of the abzorbing transt a,

The tunc tional aelationships devived far MPA and HPL can L aelated Lo
several themetical aspects ol the optical interaction pracess,  In part i
ular, the mplications tor the baxac absoaption aechaniame and the disty thu=

tion of vilmational enespy an the molecnle will be alilienned,



1. INTRODUCT ION

In order Lo gain a better understanding of the fundameatal mechanisms
involved in the multiple-photon excitation (MPE) of polyatomic molecules,
we have performed a semiquantitative comparison study of multiple=photon
absorption (MPA) and dissociation (MPD) experiments that have been reported
in the literature. From this study, we abtain the general functional
dependence for MPA and MPD on laser fluence, and the general dependence of
these processes on the propertics of the molecule, the radiation lield, and
the thermodynamic conditions of the gas.

In order to compare the MPE experiments tor different molecules, it is
neceasary Lo specify o quantitative mearo e of the strengih of the interaction
between the molecule a1l Lthe optical field and the related molecules response
to this interaction, This necessitates the identification of the important
independent variabies involved in the intoraction and an approprist e normaliza
tion for these variables. An initial stuldy of this type for MPA llas bheen

(n

described previously., We will brictly review the methodology and results

of thin work and discuss more vrecent developments nvolvang NH‘ in Sec, 11,
]

A similar study has been performed for HPD(', aml will be dikcusned in

Sec, L. The implicaticons of these results tor Fasic mechamism related to

MPE ik alxo considered,  Measuvements that velate to the vibiratyonal=ener gy

distribution for exoitod Hl"h are disounse:l g Sed, 1V,

1. MULTIPLE-PIKYTON ARSORIMTTON

The meanurementn of absorption ol anfraved radiation an polyatomie
melecules are conventronally descvabed n tevmn of the abroiption cyonn
nection ao(d) o the nyer ot photons absovrbed per moleoule ed) an g

function of the aptical tlhuenee & oy aatensaty ¢ In general, nod) athlg,



At sufficiently low fluence, this interaction can be described in terms of
an effective two-level system. Ag the {luence increases from zero, the

cross section is a constant o, up to a fluence value QH. at which point

o(%) decreascs as . For a strict two-level system, v = 1. Physically,

at this fluence, a significant fraction of the population of the ground
glate of the transition is transferred to the upper level. For MPE, popula-
tion is removed from the upper level of the transition by optical absorption,
so that this description will not he valid. For example in SFG' experiments

(3)

indicate tha. for ¢H <d < v =1/3, where ¢) is the fluence for

D’ 1

dissociation of 1% of the molecules. Nevertheless, the two=level approxima-
tion can provide a guide for normalization ol the dependent and independent
variables involved in the interaction. Fur MPA, we consider the same
normalized variables but in a more general fanctional form than that for

the two=level sysiem. Although the presence of rotati aal levels and

Etrong coupling to other vibrational levels complicates the concept of an
isolated two=level interaction, these effects do not goatitatively change
the above description amd they can be included in g straightforward mannem
i the tormulat ton ol o generalized two=leve ! model,

The coupled two=loevel absorber model desoribed in Ref. 1 containg the
following features. A finile bandwidth radiation tield interacts with one
o1 several rotational states ol a vibrational level of o molecule to promote
tvansitions to an upper vibrational state. We conrader this interaction in
o vite equat ion approxaimat 1oa. This interaction resulls from the diveet
apectral cvevlap of the radiation Tield and the absorhing tranzit ton of the
moletule, Othey rotational atates that are nol coupled divectly to the
vadiatvon Lield constitute 4 set of reservoir states that may be indirect ly
coupled to the interacting wotational levels through collisms. Also

tin laded in the renervoinl states e oher vilmational levels that e



coupled to the interacting states ecither by collisional or collisionless
intramodal V-V' transfer processes.

Reference 1 gives an approximate solution Le the differential equations
that describe optical and collisional transitions among the four levels of
the mode] (two absorbirr levels and two reserveir levels). The resulls of

this analysis gives

a ¢
e _, . - o
<L 1 -exp (- op)) (M
for the relationship between the average number of photons absorbed per
molecule, N(P), and the three variables ¢ (fluence), a (small rignal
absorption cross section), and <f> (the effective fraction of the popula-
Lion for a given vibrational transition that is coupled to the radiation

ficld). In the strong fluence limit the quantity <f> is

f T

of» = Ii 1 - exp (-‘_:r ¥ ) )

where Ii fraction of molecales in the absorbing (urually ground) vibrational
level and fr 14 the fraction of the Ii molecules in the inltial distribution
that interadt directiy with the radiation field, he value of T i deter-

mined by the spectreal overlap of radiation tield and the absorption spectrum

of the melecule,  The quant ity dl i%

. F
d L (Y]

where fHis the ratio of depeneracisn of the apper and lower vibhvation

levels ||' in the optical pulse Tength: and v is the absorber level /reservon



level equilibration time (usually taken as rotational relaxation time). If
the pressure is sufficiently high, the value oi <f> exceeds d fifr due to
collisional coupling of the absorher and reservoir levels. A more general
form for <f» is given in Ref. 1.

Cast in this general form, the optical interaction in a coupled two-
level system can he described in terms of two parameters, a fluence para-
meter a°¢/<f> and the effective fraction of states that interact with the
radiation field <f>. All effects duc Lo collisions (t), intramolecular
V-V' coupling (1), laser pulse duration (tp). gas lemperature (fi, fr' 1),
presgure (1), and laser spectral bandwidth (fr) can be regarded in first
approximation as affecting the effective fraction of absorber mulecules <f-
that caa be coupled Lo the radiation field.

For multiple=photon excitation, we consider ak an ansatz the intev-

action in the general functional form.

n(®) o ¢
s S0 o (4)

Data far th. tor example, indicate that G(x) * x 2/3 for x+1. For x-i,
the two~level result is obtained for which G(x) = 1 =exp(=-x). As pointed
out in Ref. 1, a normalization of this type is only valid at frequencies
near the center frequency v, of the molecular absorption teature tor which
o, 0.1 u"(v“).

A plot of MPA data fur several molecules is shown in Fig, 1. This
particular form of the data summary imdicates the general nature ot the MPE
process and the {luence range over which these processes arve observaed. The
extent of the range tor MPA is only apparent, however, because the floence

variahle alone does not cons:itute a goold measute o) the interaction of the

radiation tield witl, the m secule,



A consideratls rin jification results 1 these ahsorption daLa are
repiotted in terme of oo¢. The results are shown in Fig. (2). With the
exception of the triatomic molecules, the fluence behavior of the different
molecules can be classified into two types: (1) one in which a deviation
from linear absorption begins to occur; and (2) one in which n« ¢Y where
Y £ 2/3. The general fun’ iional behavior of each molecule is censistent with
Eq. (3) depending on whel er oo¢/<f> is greater than or less than unite..
The factor that has not heen taken into account for the different molevules
in Fig. (2) is <f>. 1If <f> could be calculated for each molecule and the
avsorption data could be replotted in the normalized form of Eq. (3), the
curver in Fig (2) would be expected to merge into a single curve., In
practice, <f> is difficult to calculate from first principles. Since <{>
is a divisor in bhoth the dependent and < dependent variables in Eq. (3), we
can obtain the ratio of *f?> for two molecules by simply shifting each plot
of nN(d) vs. o“¢ in Fig. (2) along the linear absorption line until the
curves merge.  This procedure is tantamount to multiplication or division
of the oriinate and abscissa of a given logarithmic graph by a constant.
For convenience, we take the curve for SZFIO as a reference and shift the
remaining curves accordiugly. The results are shown in Fig., 3. The values
of the ordinate and abscigsa are nearly nhsululv(l). As expected on
phyrical grounds, all of the data can be titted to a single curve for
u“¢/hl- 1. 1t s murprising, however, that nearly the same fundtional
dep ndence is obtained for all molecules at high fluenee, With the oxcep-
tion of HFb and the trintomics, all molecules disgociate at some ponint on
the urve. For the large polyatomic malecules, CH1CUCF1. H2FI0'

nignificant disnecintion accurs at (l“¢/fl s ool dle, in the range of "linear

and SF, N, |

absorption.”" For values of u“¢/t| =1, it appears that most molecules, when



excited atL a frequency near the peak of the ahsorbing transition, absorb
energy with a fluence dependence of ¢2/3.

The functional behavior of n(®%) appears to be simiiar for miyst large
polyatomic molecules. The triatomic molecules appear to behave as a classical
two-level system and do not exhibil MPE behavior in the fluence range
indicated. Jt is of inlerestl to consider a four-atom molecule to evaluate
its MPE behavior. Several studies of MPD of Nll3 have been reported in the
literature. Measurements of MPA have also been recently repurtcd(a) aver i
pressure range of 5 < P < 244 torr and a fluence range of 0.04 <9< 0.7
J/cmz. !

The excitalion frequency of 1076.0 cm  [R(16) C()2 laser 1ine]

coincides most nearly wilh the aR(6,0) transitions of the v, vibrationai

2

mode in N"J' The off resonance detuning Irom the aR(6,0) is 0.021] rm-] and

from the aR(6,!) is 0.12 rm-l. The small signal ahgorption consequently

resulls from twa averlapped wings of these two pressure-broadensd lines and

is reflected in Lthe pressure dependence of L By plotting the absorption

in terms of n(n"¢). this particular source of the pressure dependence

should be removed in a zero=order approximat ion. The resulos are hown in

Fig. 4. As is apparent, mo=t ol the absorplion data can be (it Lo o single

curve over Lhe complete range of tluence aml pressure used in the measurement
Several conclukions follow fiom this result,  Apparently most of the

pressure dependence of the optical absomption in NH1 results from the

spectral overlap behavior manifest on a.- It the vollhizion dynames of the

MPE process wea s affected by the pressure, the sample nommahization of u"¢

would not be expected to result in a single curve tor a factor=nt=40 chanpe

in predsme. A comparison of the curve in Fig, 4 with the data for MPA in

other polyatomic molecunles (Fig. D) indicates gond qualitative agreement in



terms of the functional dependence. Although there is some scatter in the
data at high fluence, the Nll3 fluence behavior is not inconsistent with the
2/3 slope that is observed for MPA in other polyatomic molecules. The
additionat paramecter that characterizes Lhis interaction is the effective
fraction of the molecular population that interacts with the r. diation
field <f>. A comparison of NH3 with other polyatomic molecules indicates
atL «<f> xl, which means physically that all of the population of the vibra-
tional ground state is interacting with the optical field. This is also
consistent with the fact that n is independent of pressure.

At low Mluence, the fraction of molecular population that is directly
accessed by the optical field fr is determined primarily by the Boltzmann
thermal population of the J = 6, k = 0, 1 rotational levels and the
Lorentzian lineshape factors. This fraction is much smaller than unity.
During the optical pulse Tp, collision-induceda rotational equilibration
will couple these levels to all other rotational levels in Lhe manifol 1,
v order that <f- ~1 and n be independent of pressure, the rotational equi-
bration time, T must satisfy the condition that 'r‘p/'r ‘1. (el Eq.2)
Measurements of the optical dephasing time and the population Jdecay time
tor NH1 have been reported lor both the ground and excited vibrational
states.  These measurements indicate that T, may he anomalously short and
in the range of 0.0%=0.2 ot the gas=kinedic value (129 ns=tarr).  Using a
value of 0.1, lr ~ 2 a5 at he=torv pressare, 1l ll' N 200 ns, I'_ ,\_ 0.01 to
gati1sty the required criteria,

The functional depemdence of ihe tlaence~dependent absorhtion of Nl i
is characteriatic of MPA in a large aumber of polyatomic molecules, RE
I8 somewhat su prising 1vrom the viewpoint of the current theoretical medch-

anisms: proposed for MUK, In NH‘ the depsity of states is low and the
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anharmonicities arec large; consequently, a compensation of the anhar-
monicity by power broadening would only occur at high optical intensities.
Because f the specific excitation frequency selecta2d, multistep resoi . ces
such as the P-Q-R rotational compensation should also De unimportant.
The invariance of the functional dependence of the MPA over such a large
pressurc range is also of interest. We will return to these points
later,

The fact that higher fluences are required for MPE (and probahly MPD)
in N!I3 than in other polvatomic molecules may be due to the weak absorbing

a -2
fcature being accessed hy the optical field (ao ER R

cmz) rather
than any particular characteristic of the molecule. This follows directly
from the data shown in Fig. 4.

The coupled twa=level model and the general functional form of the MPA
measurements shown in Fig. 3 leads to a number of implications that can be
evaluated directly. In particular, it is of interest to explore the func-
tional relationships of gas pressure P, bandwidth of the optical source 4,
temporal pulse shape Tp' and the dependence on optical itux.  In ovder te
gain physica! ins.ght into these processes, we cunsider the effect of
rotational relaxation in the optical absorption process.  In the {loerce
range that ﬂu¢.-|' »+], the treads in Fig., 3 indicate that n(d)can ne

written in the functional form

||(||l) [ I | .vl/’ (ﬂ""')z/.‘ . )

The value of u is detersined primavily by the properties ol the particula
molecule.  The ol Yimiopal el fects and most other experimeatal perametoers

are manilest in -1, This preportionality provides: the dominant hunctionel



=11~

relalionchip for the dependence of n(¢4) on tp, P, nd A, Let 1 he the
rot tional equilibratjion time; 1 @ P-l. 1f the gas pressure is suffi-
ciently low that fr TPIT<<I, the limiting form of Ey. (2) gives the result

that n(¢) « p'/3%2/3

. A comparison with pressure dep 'ndent absorption data
for Sl-‘b using xenvn as a bufrer gas is shown in Fig., 5. The values of 71,
and fr can be evaluated directly. Over the pressure range 0.1 <P7 10 torr,
the Plla pressure dependence of n is cle rly evident., The solid curves in
tile figure are the calculated values of n{d) from eqs. 2 and 5.  The
ordinate of the curves have been adjusted at one point to agree with the
absolute value of the measured absorption. A good fit to the experimental
dqata is observed over the complete range of fluence and pressuce,

The resunlts of the comparison of experimental data for several poly-
atomic molecules in terms of the normalized variables indicates that (PA
for almest all polyatomic molecules can be described by a single function
ol fluence, 1L appears {rom this comparison that multiyple=photon absorp-
tion In polyntomic molecuies is a general phenomena that is gqualitatively
the same for all molecules; quantitative dillerence: can be relatel tao
differences in v, and <. Sinee L and - predominant 1y charvacterize the
ivitial interaction dynamics of the radiation tield with the tower level of
the molecilar transition, it appears that the abrorption dynamics is domin-
ated by this process and not by any spevific MPE provess. Conneguent Iy ot
appears that absorption measnrements are not o sersitive test of MPE themy,

That Tact that n o 1':',.' may be character 25tic of the MPE oo enn,

This vesult a consastent with and a diveo?t convegquence of the anhaimoni
wodel for I‘II'I".(I'). The fact tlan Nll‘ follows a simiba dependemw e may o
may nol be tortuitons, Several theoretical models involving collinional

1elaxation aadzor thertmal heatang of the aotational levels can also quant -

tatively aco mnt for thes belavior fo the vange ol the higher presmen,



Consequently the ¢2/3

fluence depindence is not unique to a MPE process.
A. the present time, it appears that the fluence dependent absorpltion is
penerically the same for most poulyatomic mnlecules and that the 2/3 power

dependence may be character’stic of the MPE process.

IT1. Multiple-photon Dissociation

A similar study can he performed for digsocisiion e(periments ag was
done for absorption. In this casc, however, the results should be more
sensitive to the MPE dynamics of the interaction. In addition to the
parameters o and <f>, the probability for dissociation ghould alzo depend
on the density of vilbratjional states N(Hv), the bond strengih HA‘ the wilith
of the absorption band “I/Z' and the {frequency of feet from the hand center
Av. It may also depend on the molecular symmetry, the iowest {reguency
vibration:l mode ir the molecule, and internal rotations. The value nof
“l/d and 'r uged in the absarption analysis are releted in that “I/Z o
l'-l. The effect of multiphotan resonances ig related t the i oadiation
frequency and consequent Ty Av,

A o quantitative measure of dinsociatfon, we have evaluated the laser
fluence (¢|%) necestary to pive a reaction probability of 1% tor a number
oi molecnlen.  lu a sabset of these eXperviment: ;iU was also poks.iae Lo
determine the value of e Since the nenmity of vilbatjonal states is an
important pavameter in theories of APE an well as theonies of unimolecnln
reartions, we contider a plot ol ¢|% dh o function of the denmity ol
vibrattonal states at an energy of 10000 em . This value represent s about
11 Cnp Laner quanta and ix about the average oexoitat ton nevessny lo give
1% veaction preobability tor o themmal vibnatfona! energy dinteibution in a
sample of moleculen with o moderate activation encrgy (09 keal/mol ), From

the abzorpt fon experiment s we obnerved that the nommabized Hoenoe wan
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. . <> . N
expreassed in the form "o¢11/<[>' Since nlz and oo¢ /<> are directly

th
related (Fig. 3), we consider a dissociation parameter a°¢]% “1/2 /Hn which
i. the measure ot the energy absorbed in the molecule that gives 1% dissocia-
tion probability, compared to the activation energy of the mulecule. A

plot of this parameter ar a function of N(10500) is shown in Fig. 6. The
vertical bars show the range of ¢IZ from different data sources or from
different frequencies within the abserption band. In terms of this param-
eter, the dissociation of most molecuies is strongly correlated with the
vibrational ntate density. As 1ndicated in the plot, the value of ¢I1
decreases with N(H"). w trend already well known from the literature.  Even
aftey correction for Lhe small-wignal croas gection, the band width, and

the activation energy, the targer molecules (higher vibrational-state
densily) mtill tend to react more casily.

It is also of interest to determine the dependence of the dissociaton
probability on the frequency within the molecular absorption band and the
digstribution of vibrational energy within the molecule.  For this purpos
we nlot an Fig, 7 the measured an g ol absorbed lager enegy necessary Lo
give 1% reaction ar a traction of the activation encrgy, "IZIHn' Versus
A“/“IIH' The dashed line is Lhe value ol "IZ/HJ for a thermal reaction,
Thin plot shows o some extent how the absorbed laser enesgy i distributed
over the availabie vibrational states For the points belov the dashed
line the diztrvibutjion over vibrational states ia broader than o theymal
dintyitmtion. That is, the cmount ol energy abiorbed i less than o thermal
distribut ion would give when 1% of the sample molecule: have snf ticient
energy to react,. The hoad datyibition conld be due to an enhaned absiorp-
tion cinas section ot high levels ot vibratioeal excitation, to the fa?

that ouly o rvaction of the molecules in the sample interactong with tue
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laner ficld, or to the tendency of thie absorbed radiant energy to remain in
the absorbing mode. A narrow distribution, which would give points above

the dashed line, could result from diminished absorption cross section at
high levels of excitation. Points above the dashed line could also result
from a non=negigible recombination rate. The clustering of most of the

points around the dashed line indicates that most of the vertical scatter

in Fig. / is due to differences in how much laser energy is actually absorbed,
and that differences in how that absorbed energy in distributed are amaller,
but not negligible.

Where detailed data are available, a comparigon can be performed
between the dissociation produced by optical excitation and by thermal
excitation of the vibrational levels in the molecu's,  We find that the
experimental reaction probabilitics generally have shapes that are sénilar
to the thermal curves, but in most caises the experimental curves deviate
signilivantly trom the thermal curves.  The frequency of the exciting
radiation 15 aa important parvameter. The reaction probability corves tend

&LF

to be close to thermal for frequendies pear the band center o ."'lun

CF1CHUF3. and hlﬁNFz): however, oy frequencies ia the high= and low-
frequency extrenes of the bhands, the absorbed lager energy prodeces
teaction much move efficiently. It may be the case that on the extremes of
the bandu, the taser imtevacts witio o amaller hraction of the molecules,
Fhe dissociation correlations disounsed above are pol nevesnarily
mwnigue, From the viewpoint of molesulay excitation ane leexcitation, the
interaction dynamics may alao depend on the Towest frequency vibrat ional

mode {2 the molecule. A plot of J* U Gan determiped from b V) an oa

Ny

tunctiop of the energy of the loawesnt Greguency vibvatonal made HV {min) s

shown in Fig. B, Apaan the Cmetional vorr lation an sataistactmy,. The



density of vibrational states is only indirectly related to Ev (min) and

conkerquently Figs., 6 and 8 are conceptually diflerent relations.

111, Vibration energy Distribution
From Lhe study of dissociation of a number of polyatomi - molecules,
indirect evidence suggests that the vibrational energy distribution produced

by optical excitation is nop=thermal. Recent pulse-probe meagurements have

(0)
0

Lthe spectral abgorption crows section measured by a cw probe laser at

been performed that confirm Lthis conclusion for SF Shown in Fig. 9 is

several delay times alter excitation by a strong pulsed laser operating at
|

a trequency of 947.7 em . At Lime zero, the figure shows the total spettro=
. . ) . 2, N Sh,,..
scopic absorption cress section for hl'h. Mh and .‘:l-" at a temperature

ol 145 K. At 5 ps, the molecule has absorbed 2.6 photons (¢ = 0,54 J/rmz)
from the optical field amd the laser pulse in terminated,  The strong red
shifts in the absorption specteim are ‘ndicative of high levels of vibra-
tional excitation in the molecule.  The curve:n at subsequent toaes imdicate
the relaxation of the vibrational energy distribution. A curve showing the
spect ral abrorption produced by a thermal vibrational distribution (%00 K)
in also shown tor purposes of compavigkon.  The temperaturve of %00 K isx the
thermal equivalent energy ol 2.0 CH? laswer paotons,  An s evident faom the
figure, the laner produced distribntion iz strongly non-theimal and exhilate.

a long high enervgy tail,
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Figure Cajptions

(1)

(2)

(1)

(4)

(5)

(6)

(7)

(8)

(9)

Fluence dependent absorption data tor a number of polvatomic
molecules.

Fluencre dependent absorption data as a fundtion of the normalizoed
fluence un¢.

Plot of multiple=phcton absoarption data in terms of Lthe normalized
variabhies (d/<{> and uu¢/<f*.

Functional dependence of n(d) with pressure, with {luence as a
parameter.  The points are experimental data.  The solid ~urves
are the calculated dependence; the ocdinate have been normalized
at one data point.

Plot of n(d) as a tunction of o lor NII.’.

Plot of the normilized dissociation p.-w.-um-h-r_ﬁll.z u" “I/ZIH' ve
the dengity of vibrational states at 1OH00 cm @

Normalized dissociation energy "I‘Z/H| VOrsus A\)/\DIIZ.

Normalized dissociation energy 0, /70 versus the ITregquemy ol
the lowesl vibrational mode jn tﬂ‘ molecule.

Spectral absorption cross=section for laser excited SI", dE measured
by a cw probe laser at various times in the excirtat jon sequeace,
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